The Rac1, a member of the Rho family proteins, regulates actin organization of cytoskeleton and cell adhesion. We used genetic analysis to elucidate the role of Rac1 in mouse embryonic development. The rac1 de®cient embryos showed numerous cell deaths in the space between the embryonic ectoderm and endoderm at the primitive streak stage. Investigation of the primary epiblast culture isolated from rac1 de®cient embryos indicated that Rac1 is involved in lamellipodia formation, cell adhesion and cell migration in vivo. These results suggest that Rac1-mediated cell adhesion is essential for the formation of three germ layers during gastrulation.
Introduction
The mammalian Rho family proteins were isolated as Ras-like small GTP-binding proteins and are composed of Rho, Rac, and Cdc42 subfamilies (Hall, 1994) . The Rac subfamily consists of Rac1, Rac2 and Rac3 (Haataja et al., 1997) and they participate in a wide range of cellular functions, such as actin cytoskeletal reorganization , cell adhesion (Hall, 1998) , cell growth (Olson et al., 1995) , and superoxide formation (Abo et al., 1991; Knaus et al., 1991; Ando et al., 1992; Mizuno et al., 1992) . Rac1 is ubiquitously expressed in most of organs and is involved in the regulation of actin cytoskeletal reorganization (Moll et al., 1991) . It controls formation of the lamellipodia and membrane rues induced in ®broblasts by plateletderived growth factor (PDGF) and insulin Nishiyama et al., 1994; Mackay et al., 1995; Chant and Stowers, 1995; Nobes and Hall, 1995; Kotani et al., 1995) . Rac1 has also been shown to be involved in the establishment of cell adhesion structures including focal complexes Nobes and Hall, 1995; Hotchin and Hall, 1995) and adherens junctions (Eaton et al., 1995; Braga et al., 1997; Takaishi et al., 1997) . In addition, Rac1 is involved in oncogenesis such as malignant transformation of ®broblast cells (Khosravi-Far et al., 1995; Qiu et al., 1995) and the invasion and metastasis of lymphoma cells (Michiels et al., 1995) .
Integrin-mediated cell adhesion to extracellular matrix plays an important role in several cellular processes such as cell migration, proliferation and dierentiation. The cell attachment to the matrix results in clustering of integrins and formation of focal complexes, which include a variety of cytoplasmic proteins and are associated with the actin cytoskeleton. It has been established that the Rho family proteins are required for assembly of the actin cytoskeleton and associated focal complexes. Rho regulates lysophosphatidic acid (LPA) and bombesin induced formation of the assembly of classical focal adhesion plaques and actin stress ®ber in the ®broblasts . Rac regulates distinct pathway to produce lamellipodia and rues induced by growth factors, which is associated with focal complexes. These focal complexes are much smaller than Rho-induced focal adhesion plaques, but appear to contain most proteins included in classical focal adhesion Nobes and Hall, 1995) . Cdc42 regulates a third distinct pathway to trigger the formation of ®lopodia at the cell periphery, which is associated with focal complexes (Kozma et al., 1995; Nobes and Hall, 1995) . Thus, dierent kinds of focal complex are thought to be regulated by three distinct pathways mediated through members of the Rho family.
Morphogenesis in multicellular organism is accomplished by the precisely coordinated cell adhesion and cell migration, and both require regulated reorganization of the cytoskeleton system. There have been many studies that indicate important roles of the Rac in orchestrating rearrangements of actin-®laments, thus implying their crucial roles in morphogenesis. So far, understanding of the roles of Rac in developments is mostly based on studies using mutant strains of Drosophila. The Drosophila homolog of Rac1, Drac1, has been shown to be required for assembly of actin at adherens junctions. Failure of adherens junction actin assembly in Drac1 dominant-negative mutants is associated with increased cell death (Eaton et al., 1995) . However, little is known about physiological functions of Rac1 in mammalian development. Thus, we have generated rac1 knockout mice to elucidate the physiological function of Rac1 in the mouse embryogenesis. The most prominent event during the early mouse embryogenesis is the gastrulation that brings about formation of three de®nitive germ layers (Tam and Behringer, 1997) . During this period, the embryonic mesoderm and de®nitive endoderm are both generated from the epiblast by cell migration through the primitive streak, in which coordinated changes in cytoskeletal organization, cell adhesion and motility appear to be critical. Thus, Rac1-mediated cytoskeletal reorganization, cell adhesion and migration may be essential for early development. In this paper, we examined the role of Rac1 in early mammalian embryogenesis by in vivo and in vitro study of Rac1-de®cient embryos and showed that Rac1-mediated cell adhesion is essential for gastrulation in mouse early development.
Results

rac1 knockout mice are embryonic lethal
The rac1 gene was inactivated in ES cells using a targeting vector as shown in Figure 1a . The deleted region of the rac1 gene includes a post-translational lipid modi®cation site and a part of the guaninebinding site (Figure 1a ) (Bourne et al., 1991; . Thus, this deletion was expected to result in a loss-of-function mutation in the rac1 gene. Four desired homologous recombinants out of 120 G418 resistant clones were isolated after the targeting vector was electroporated in ES cells. One of them successfully incorporated into the germ line of the chimeric mice. Heterozygotes were intercrossed to produce rac1 homozygous mutant (rac1(7/7)) ospring ( Figure  1b) . However, no viable rac1(7/7) mice were identi®ed among 105 weaned ospring from these Figure 1 Targeted disruption of the rac1 gene. (a) Structure of rac1 gene and targeting vector. The targeting vector contained 2.6 kb of the 5' and 8.6 kb of the 3' homologous sequence. A neo-gpt cassette replaced the 4.3 kb DNA fragment, which contains two exons designated E1 and E2 (closed box), encoding amino acids 97 ± 149 and 149 ± 192 of the Rac1 protein, respectively. The vector also contained a DT-A gene for negative selection. The probes used for Southern hybridization and the primers used for PCR are shown. The expected sizes of hybridized restriction fragments from wild-type and mutant alleles are also given. Abbreviations for restriction enzyme sites: (A) ApaI; (H) HindIII; (K) KpnI; (S) SpeI. (b) Southern blot analysis of the ospring from a rac1(+/7) intercross. Tail DNA was digested with KpnI and SpeI, and hybridized with the 5' and 3' probes. The sizes of the signals were consistent with the expected lengths. (c) PCR analysis of genotypes of embryos at E7.5 from a rac1 (+/7) intercross. (+/+), wildtype; (+/7), rac1 hetgerozygote; (7/7), rac1 homozygote intercrosses, indicating that homozygosity for the rac1 mutation is lethal. To assess the time of death in utero, genotypes of embryos were determined by PCR ampli®cation of yolk sacs or whole embryo DNA ( Figure 1a and c) between embryonic day 6.5 of pregnancy (E6.5) and E13.5. No rac1(7/7) fetuses were identi®ed after E9.5, indicating that the rac1(7/7) embryos die before E9.5 (Table 1) .
Rac1 is required for the formation of three germ layers
To characterize the dierence in the development between wild-type and rac1(7/7) embryos, morphological analyses were performed at dierent gestational stages from E6.5 to E8.5. At E6.5, rac1(7/7) embryos were already smaller than wild-type embryos ( Figure  2a and b). In particular, the embryonic portion was more conspicuously reduced in size than the extraembryonic portion. By E8.5, wild-type embryos were elongated along the anterior-posterior axis accompanied by the formation of axial structures such as the neural tube and somites (Figure 2c ), whereas rac1(7/7) embryos remained small and spherical without development of embryonic axes (Figure 2d , for E8.5), indicating a drastic disturbance in developmental events by this stage.
The most prominent event between E6.5 and E8.5 in mouse embryogenesis is the gastrulation that brings about formation of three de®nitive germ layers (Tam and Behringer, 1997) . First, we performed in situ hybridization to determine the rac1 expression pattern in mouse embryos at these stages. In wild-type embryos, rac1 mRNAs were distributed in the embryonic ectodermal, mesodermal and endodermal layer at E7.5, with no dierences in expression intensities among them (Figure 3g ). On the other hand, in rac1(7/7) embryos, no signi®cant expression of rac1 mRNA could be detected (Figure 3h ). These ®ndings con®rmed the absence of rac1 transcripts in the rac1(7/7) embryos. At E6.5, rac1(7/7) embryos exhibited pyknotic cells and cell fragments in de®ned areas in the proamniotic cavity and between the epiblast and visceral endoderm (Figure 3b ), whereas wild-type embryos did not (Figure 3a) . At E7.5, the embryonic mesodermal layer was formed between the ectodermal and endodermal layers on the primitive streak side in wild-type embryos (Figure 3c ). However, rac1(7/7) embryos exhibited an abnormal organization ( Figure 3d) ; the embryonic ectodermal layer was irregularly folded and thickened compared with that of the wild-type (Figure 3c ) which had expanded to a uniform thickness. Furthermore, in mutant embryos, numerous pyknotic cells and cell fragments with dense nuclear substances were observed in the space between the embryonic ectoderm and visceral endoderm (arrow in Figure 3d ), where the embryonic mesodermal cells exist in wild-type embryos (Figure 3c ). These abnormal cells and cell fragments in mutants were TUNELstaining positive (Figure 3f ) and thus apoptotic, whereas no signi®cant apoptosis was observed in any speci®c areas in wild-type embryos (Sanders et al., 1997) (Figure 3e ). These ®ndings suggest that the targeted disruption of rac1 causes developmental arrest and cell death of newly generated embryonic mesodermal cells during gastrulation. rac1(7/7) epiblast cell showed reduced cell adhesion and cell motility
To elucidate the cellular basis of abnormalities in rac1 mutant embryos, we studied the motility behavior of isolated epiblast cells by using the microexplant culture and time-lapse video recording method, which allows the motility of early mesodermal cells to be studied in vitro under conditions very similar to those in vivo (Nakatsuji and Snow, 1986; Hashimoto et al., 1987) . E6.5 embryos were isolated and the embryonic portion was dissected from the egg cylinder microsurgically. Micro-explants of the epiblast cell sheet were seeded onto the collagenI-coated dish. In the wild-type, most +/+, wild-type; +/7, heterozygous mutant; 7/7, homozygous mutant. Embryos from heterozygous intercrosses were genotyped at the indicated stages Figure 2 Morphology of wild-type and rac1(7/7) embryos. Wild-type (a and c) and rac1(7/7) (b and d) embryos at E6.5 (a and b) and E8.5 (c and d). At E6.5, rac1(7/7) embryos (b) are smaller than wild-type embryos (a), and the dierence is more prominent in the embryonic portion (lower half) than in the extraembryonic portion (upper half). At E8.5, wild-type embryos elongate along the anterior-posterior axis accompanied by formation of axial structures such as the neural tube and somites (c), whereas rac1(7/7) embryos remain small and spherical without such axis formation (d). Bar, 50 mm in (a and b); and 200 mm in (c and d) Figure 3 Histological analyses of wild-type and rac1(7/7) embryos. Histological sections of wild-type (a, c, e and g) and rac1(7/7) (b, d, f and h) embryos at E6.5 (a and b) and at E7.5 (c ± h). (e and f) show TUNEL staining. Sagittal (a, and c ± h) or para-horizontal (b) sections. At E6.5, a few rac1(7/7) embryos (b) began to exhibit pyknotic cells and cell fragments in de®ned areas in the proamniotic cavity and between the epiblast and visceral endoderm, while wild-type (a) and most mutant (data not shown) embryos do not. At E7.5, the embryonic mesodermal layer is formed outside the embryonic ectodermal layer in wild-type embryos (c). In all rac1(7/7) embryos (d), the embryonic ectoderm is irregularly folded and deformed. Furthermore, numerous pyknotic cells and cell fragments with dense nuclear substance are observed (arrow) in the space outside the embryonic ectodermal layer where the embryonic mesodermal cells are present in the wild-type (c). These abnormal cells and fragments are TUNELstaining positive (f) whereas signi®cant apoptosis is not observed in the wild-type (e). Dark-®eld views of in situ hybridization of sagittal sections of E7.5 embryos showing rac1 expression (g and h). A wild-type embryo hybridized with antisense oligonucleotides for rac1 (g). A rac1(7/7) embryo hybridized with antisense oligonucleotides (h). Abbreviations: ee, embryonic ectoderm; em, embryonic mesoderm; ep, epiblast; pa, proamniotic cavity; ve, visceral endoderm. Bar, 100 mm in (a, c, g and h); 44 mm in (b and d); and 15 mm in (e and f)
explants were attached to the bottom and started outgrowth of peripheral cells by 20 h of culture ( Figure  4a ). Such cells, migrating out of the wild-type explants, formed lamellipodia and membrane rues in addition to ®lopodia. On the other hand, cells from rac1(7/7) explants formed ®lopodia but neither lamellipodia nor rues (Figure 4b ), suggesting that Rac1 speci®cally controls the formation of lamellipodia and membrane rues, while formation of ®lopodia is regulated by other Rho family protein Cdc42 in cultured epiblast cells. In addition, the rac1(7/7) cells showed vigorous membrane blebbing, or they were completely rounded up on the dish bottom in a similar fashion to that observed after the inactivation of endogenous Rho proteins by microinjection of a Rho inhibitor C3 transferase into the ®broblasts (Paterson et al., 1990) Figure 4 (Figure 4c ). Such reduced motility of the rac1(7/7) cells is probably due to the lack of lamellipodia formation and abnormal cell adhesion. Furthermore, all rac1(7/7) cells died after 40 h of culture, while the majority of wild-type cells were still alive (Figure 4a ). Such death of the rac1(7/7) cells is probably an anchorage-dependent phenomenon (Ruoslahti and Reed, 1994) and caused by disorders in cell adhesion to the extracellular matrix.
Discussion
Rac1 reportedly regulates polymerization of actin at the plasma membrane to induce lamellipodia formation and surface membrane ruing in the ®broblasts. Rac1 is also implicated in integrin-mediated cell-matrix adhesion at the focal complexes at the leading edge of the lamellipodia in the ®broblasts and in cadherinmediated cell-cell adhesion in the epithelial cells. (Van Aelst and D'Souza-Schorey, 1997; Hall, 1998) . In the present study, we showed the speci®c role of Rac1 in the actin cytoskeletal reorganization, cell adhesion and cell motility in the primary epiblast cells isolated from rac1(7/7) embryos at the primitive streak stage, which has been mostly ®gured out by the experiments introducing Rac1 proteins or vectors containing dominant negative or active rac1 gene into the cultured ®broblasts or epithelial cells. We con®rmed that Rac1 regulates the formation of lamellipodia and membrane rues and correspondingly speed of cell migration, but ®lopodia formation is regulated by a distinct pathway probably including Cdc42 in cultured epiblast cells. However, it is surprising that we found abnormal cell adhesion to extracellular matrix in rac1(7/7) epiblast cells, even if normal Rho and Cdc42 proteins exist and are probably activated by FBS. Since the Rac1-induced focal complexes at the leading edge of the lamellipodia are much smaller than the Rho-mediated focal adhesion plaques, the abnormal adhesion of rac1(7/7) cells could not be caused by lack of the focal complexes in the rac1(7/7) cells. Further, this abnormality in cell adhesion is similar to that observed by inactivation of Rho by the C3 transferase (Paterson et al., 1990) , which blocks focal adhesion assembly (Rankin et al., 1994) . It therefore is likely that not only Rho but also Rac1 function is required for the formation of focal adhesion assembly and cell-matrix adhesion at the primitive streak stage. In this study, rac1(7/7) epiblast cells at the primitive streak stage showed the abnormal cell adhesion and reduced motility. Histological analysis of the rac1(7/7) embryos showed numerous programmed cell death in the space between the embryonic ectoderm and endoderm. Taken together with our observation of anchorage-dependent cell death in the cultured rac1(7/7) cells, the programmed cell death of embryonic mesodermal cells is probably due to disorders in cell adhesion to the extracellular matrix. Thus, our study showed that Rac1 play a critical role in the cell adhesion of embryonic mesoderm during the gastrulation and it was revealed that Rac1-mediated cell adhesion and motility are essential for developmental processes. So far, mechanisms involved in the mesoderm formation has been investigated from the aspect of the mesodermal induction signaling (Nomura and Li, 1998) . In contrast, very little is known about mechanisms underlining transformation of the epiblast cells into the embryonic mesodermal cells at the invagination site through the primitive streak. Thus, investigation of the Rac1 signaling pathway using mutant embryos would reveal the molecular mechanisms underlying coordinated changes in cell adhesion and motility during gastrulation in mammalian embryos.
Materials and methods
Targeting vector rac1 genomic clones were isolated from a 129/Sv mouse genomic library (Stratagene) using human rac1 cDNA as a probe. A targeting vector was constructed to replace a 4.3 kb fragment of the rac1 genomic DNA with the neomycin resistance (neo) and guanine phosphoribosyltransferase (gpt) genes. This deleted region contains two exons encoding amino acids 97 ± 192 of Rac1. The vector also included a diphtheria toxin-A fragment (DT-A) gene at the 3' end for negative selection (Figure 1a ).
Gene targeting
HPRT de®cient CCE cells were cultured essentially as described previously (Robertson, 1987) . Fifty micrograms of the linearized targeting vector were transfected into 4.7610 7 ES cells by electroporation at 270 V/1.8 mm and 500 mF capacitance (ECM600; BTX Inc.). Forty-eight hours after electroporation, G418 (250 mg/ml; GibcoBRL) was added to the medium. DNA from G418-resistant ES clones were digested and hybridized with 5' and 3' probes as illustrated in Figure 1 . Targeted clones were injected into C57BL/6J blastocysts and chimeric mice were generated. The chimeras were backcrossed to C57BL/6J mice and heterozygous ospring were crossed to produce homozygous mutant ospring. The genotypes of these mice were con®rmed by Southern blot analysis using 5' and 3' probes.
PCR
Embryo genotypes were assessed by PCR analysis using primers a (5'-GTGCGACACCACTGTCCCAA-3') and b (5'-GCTGTCCTGCGGAACATCTG-3') to detect a 344 bp band for the wild-type allele, and primers c (5'-TCCTGCCGAGAAAGTATCCA-3') and d (5'-CCTTCTATCGCCTTCTTGAC-3') to detect a 460 bp band for the mutant allele.
Histology and TUNEL assay
The decidual swellings were ®xed in 4% paraformaldehyde/ 0.1 M phosphate buer pH 7.4 for 4 h at 48C, then dehydrated and embedded in paran. Five micron sections were made with a microtome and stained with hematoxylin and eosin. For analysis of programmed cell death, the sections were stained based on reactivity to the terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick end labeling (TUNEL) method using the Apop Tag in situ apoptosis detection kit (Oncor) according to the instructions of the manufacturer (Gavrieli et al., 1992) .
In situ hybridization histochemistry A 45-mer antisense oligonucleotide for rac1 was synthesized;
5'-ACAACAGCAGGCATTTTCTCTTCCTCTT-CTTGACAGGAGGGGGAC-3'. In situ hybridization was performed on paran-embedded sections of embryos at E7.5. Sections were hybridized with 35 S-labeled oligonucleotide probes at 428C in the hybridization mixture containing 50% formamide, 46SSC, 0.1 M phosphate buer, 16 Denhardt's solution, 1% sodium N-lauroyl sarcosinate, 10% dextran sulfate, 100 mM dithiothreitol, and 0.2 mg/ml yeast tRNA. After washing with 0.16SSC/ 0.1% Sarkosyl at 508C, the slides were autoradiographed using NTB2 nuclear track emulsion (Kodak).
Epiblast cell culture
Embryos at E6.5 were isolated from decidual swellings. The epiblast cell sheet was dissected from rac1 embryos derived from intercrosses between heterozygotes, using a stereomicroscope and ®ne needles. Small pieces of the epiblast isolated from each embryo were transferred into a collagen type I-coated dish containing DMEM (GIBCO) and 10% FBS (GIBCO). They were incubated at 378C under an atmosphere of 5% CO 2 and 95% air. Cell movement was recorded using a time-lapse video system. Time-lapse recording and translocation rate analysis were carried out as described previously (Hashimoto et al., 1987) . Single video recordings were repeated at 30-s intervals. The rate of movement was determined by tracing the center of the nucleus of each cell. In total, 20 cells each from wild-type and rac1(7/7) embryos were examined.
